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“Todo começo é difícil em qualquer ciência.” 
- Karl Marx 
 
 
 
“[...] the empirical study of population genetics has always begun with and centered around 
the characterization of the genetic variation in populations” 
- Richard C. Lewontin 
 
 Resumo 
Os ecossistemas de areia branca da Amazônia (conhecidos como campinas e 
campinaranas) são manchas isoladas de vegetação escleromórfica que ocorrem sob solos de 
areia branca, exclusivamente na Amazônia. Esses ecossistemas apresentam baixa diversidade 
e alto endemismo floral e faunístico devido às características únicas do solo, alta luminosidade 
e temperatura. No entanto, esses ecossistemas são sub-representados em estudos geológicos 
e biológicos, especialmente no que diz respeito à estrutura genética e diversidade das 
espécies que os habitam. Neste trabalho, investigamos a variabilidade genética entre 
subpopulações de Heliconius hermathena, uma espécie de borboleta endêmica dos 
ecossistemas de areia branca da Amazônia. Utilizando todo o genoma mitocondrial como 
marcador molecular, inferimos alta diferenciação genética entre indivíduos de seis 
subespécies diferentes de H. hermathena, que ocorrem em oito localidades diferentes 
(subpopulações). Nossos dados confirmam a hipótese prévia sobre a diversificação da espécie, 
na qual o isolamento das áreas de areia branca pode ter desempenhado um papel importante 
na geração e manutenção da variabilidade genética e da estrutura populacional encontradas 
nas subpopulações de H. hermathena. Além disso, acreditamos que este estudo esteja de 
acordo com outros que estudaram espécies adaptadas a esses ambientes em relação a 
diferenciação genética, mostrando que é necessário avaliar o papel dos ecossistemas de áreas 
de areia branca de forma mais profunda, afim de entender melhor os padrões que levaram à 
grande biodiversidade amazônica. 
Abstract 
Amazonian white sand ecosystems (campinas and campinaranas) are strongly isolated 
patches of escleromorphic vegetation above white sandy soils that occur exclusively in the 
Amazon. These ecosystems present low diversity and high floral and faunal endemism due to 
unique soil characteristics, harsh luminosity and temperature conditions. Nevertheless, these 
ecosystems are underrepresented in geological and biological studies, especially regarding the 
genetic structure and diversity of the species inhabiting them. Here, we investigate the genetic 
differentiation among subpopulations of Heliconius hermathena, an endemic butterfly to the 
Amazonian white sand ecosystems. Using the whole mitochondrial genome as molecular 
marker, we inferred high values of genetic differentiation among individuals from six different 
subspecies of H. hermathena occuring in eight different localities (subpopulations). Our data 
confirms previous hypotheses regarding the species diversification in which the isolation of 
the patches of white sand areas might have played an important role in generating and 
maintaining the species structure across subpopulations. Furthermore, we believe that this 
work is in accordance with others on white sand areas genetic differentiation, showing that it 
is necessary to assess the role of white sand areas in generating and maintaining 
diversification patterns in the Amazon in order to better appreciate Amazonian biodiversity. 
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Introdução geral 
 
A história natural dos neotrópicos foi dramaticamente influenciada por variações 
climáticas ocorridas no passado, sobretudo no Pleistoceno e pós-Pleistoceno. Nesse período 
recente, sugere-se que as florestas neotropicais sofreram ciclos importantes de retração em 
momentos mais secos, permitindo, por exemplo, a expansão dos ecossistemas savânicos de 
modo geral, e de ampliação em momentos mais úmidos, quando os ecossistemas abertos 
persistiram como ilhas mais isoladas. Segundo a hipótese dos refúgios florestais (Haffer 1969), 
esse processo de expansão e retração da floresta amazônica foi fundamental para o 
isolamento e consequente diversificação de plantas e animais, como proposto por diversos 
trabalhos na literatura (e.g Haffer 1969; Vuilleumier 1971; Prance 1973; Brown 1976;). Novas 
evidências contrárias a essa hipótese (Knapp & Mallet 2003) e a favor (Pinheiro et al. 2013), 
mantém esse debate ainda atual. Mais que isso, a explicação desses processos a partir da 
biologia evolutiva e da genética de populações está ainda em curso, criando possibilidades 
para interessantes estudos nessa área de pesquisa. 
Nesse contexto, investigamos a espécie de borboleta Heliconius hermathena 
Hewitson, 1854 (Lepidoptera: Nymphalidae), uma espécie endêmica da Amazônia e adaptada 
aos ecossistemas de areia branca conhecidos como campinas e campinaranas. Com sete 
subespécies descritas (H. h. duckei, H. h. sheppardi, H. h hermathena, H. h. sabinae, H. h. curua 
e H. h. renatae e H. h. vereatta), H. hermathena é considerada como uma das poucas espécies 
de Heliconius “não-miméticas”, com exceção  de H. hermathena vereatta, que apresenta um 
padrão de coloração das asas muito similar àqueles apresentados por H. melpomene 
melpomene e H. erato hydara, com as quais a subespécie é simpátrica. A distribuição das 
populações conhecidas de H. hermathena mostra que estas são bastante isoladas, seguindo a 
distribuição dos ecossistemas de areia branca, e acredita-se que sua diversificação esteja 
relacionada com a formação e fragmentação das campinas e campinaranas nas quais elas 
ocorrem, em um processo similar ao observado em espécies de Heliconius de floresta (Brown 
et al. 1974; Brown & Benson, 1977). Acreditamos que a variabilidade genética existente e sua 
distribuição nas diferentes subespécies e subpopulações de H. hermathena possa fornecer 
dados importantes para investigar a diversificação desta espécie e sua relação com esses 
importantes ecossistemas amazônicos.  
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Neste projeto, sequenciamos os genomas mitocondriais de 71 indivíduos de seis das 
sete subespécies de H. hermathena (H. h. duckei, H. h. sheppardi, H. h hermathena, H. h. 
sabinae, H. h. curua e H. h. vereatta) provenientes de oito localidades de coleta distribuídas 
nos seguintes municípios: Barcelos, Manaus, Maués, Presidente Figueiredo (todas no estado 
do Amazonas), Altamira, Faro e Santarém (todas no estado do Pará). Aplicamos análises de 
genética populacional e inferência bayesiana a fim de explicar como processos 
microevolutivos e a história do ambiente amazônico estão relacionados com a diversificação 
das populações de H. hermathena. Pretendemos obter, pela primeira vez, uma análise de 
genética de populações de um inseto especialista nos ecossistemas de areia branca, os quais, 
por sua vez, representam uma importante parcela da biodiversidade amazônica. 
 
1.1 Ecossistemas de areia branca: campinas e campinaranas 
 
 Os ecossistemas de areia branca são formações únicas que ocorrem ao longo da bacia 
amazônica (Adeney et al. 2016). O fato de serem ambientes abertos, com vegetação 
predominantemente de estatura baixa a média, possuírem ciclos padronizados de queimadas, 
hidrografia particular e, principalmente, ocorrerem sobre solos arenosos, são características 
que os distinguem de outras formações savânicas como, por exemplo, o Cerrado (Eiten 1978, 
Adeney et al. 2016). Sua fisionomia é predominantemente esclerófila o que provavelmente se 
relaciona com sua composição edáfica, e isso pode ter sido importante do ponto de vista da 
formação de uma biota com baixa diversidade e rica em endemismo nesses ambientes 
(Anderson 1981). Os ecossistemas de areia branca ocorrem na região amazônica no Brasil, 
Peru, Venezuela, Colômbia, Suriname, Guiana e Guiana Francesa, alcançando uma área total 
de aproximadamente 334.879km2 (Adeney et al. 2016; Eiten 1978). Todas essas características 
o tornam um ambiente único e importante da paisagem e amazônica. Sendo assim, o estudo 
de sua biota, tanto do ponto de vista taxonômico como dos pontos de vista ecológico e 
genético, se torna cientificamente relevante e imprescindível para se entender de forma mais 
profunda a biodiversidade amazônica. 
 Existem diversas nomenclaturas para os ambientes que são descritos como 
ecossistemas de areia branca amazônicos, mas para os objetivos deste trabalho consideramos 
apenas dois deles: as campinas e as campinaranas (Figura 1). As campinas existem de forma 
aberta (campina aberta), com vegetação arbustiva de tamanho médio, mas também podem 
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apresentar porções mais fechadas (campina fechada) conhecidas como ‘scrubland’ (Adeney 
et al. 2016) (Figura 1). As campinaranas, por outro lado, são formações florestais sob solos 
arenosos (Adeney et al. 2016) (Figura 1).  
Figura 1 Fotos ilustrativas de ecossistemas de areia branca nos quais indivíduos de H. hermathena foram 
coletados. (A e B) Campinarana, ecossistema de areia branca tipicamente florestal; ainda que fechado e florestal, 
apresenta solos arenosos e "clarões" como em B. (C) Campina aberta com arbustos médios e pequenos. (D) 
Campina fechada ou scrubland. (Fotos: cortesia de R. R. Ramos)  
Durante períodos de clima mais seco e de retração florestal no passado, supõe-se que 
os ecossistemas de areia branca apresentavam distribuição quase contínua na paisagem 
amazônica. De fato, alguns estudos demonstraram a possibilidade da existência de corredores 
de ambientes abertos como as campinas e campinaranas e, também, de sua expansão durante 
períodos de variação climática no passado (Quijada-Mascareñas et al. 2007; Vargas-Ramírez 
et al. 2010). 
Com os períodos de expansão florestal, no entanto, esses ambientes se consolidaram 
como manchas isoladas, como ilhas de vegetação aberta cercadas por matriz florestal. Os 
processos que levaram à fragmentação desses ecossistemas podem então ter resultado no 
isolamento do conjunto gênico de H. hermathena, levando aos padrões atuais da distribuição 
de sua diversidade genética (Brown & Benson 1977). Sendo assim, esperaríamos observar 
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subpopulações da espécie com alta variabilidade interpopulacional e forte estrutura 
populacional. Nosso objetivo é entender se, de fato, tais padrões de distribuição da 
diversidade genética podem ser observados atualmente. 
 
1.2 As borboletas do gênero Heliconius como modelos de estudos genéticos e 
evolutivos. 
 
 As borboletas do gênero Heliconius exibem uma grande diversidade de padrões de 
coloração que, por si só, são fortes atrativos para despertar a curiosidade sobre o gênero. 
Esses padrões, geralmente presentes em sistemas complexos de anéis miméticos distribuídos 
ao longo de grande parte dos Neotrópicos, fizeram com que as borboletas do gênero 
Heliconius se tornassem importantes modelos de estudo. Hoje, o conhecimento sobre essas 
borboletas se estende pelas nas mais diversas áreas da biologia como a ecologia, a 
sistemática, a biologia evolutiva e até a genética do desenvolvimento.  
Os estudos acerca da herança e evolução dos padrões de coloração em borboletas do 
gênero Heliconius começam provavelmente em 1955 com um trabalho de William Beebe. 
Nesse trabalho, Beebe (1955) demonstra que alguns padrões de coloração que ocorrem 
naturalmente em áreas estreitas próximas à Trinidad, podem ser obtidos pelo 
retrocruzamento de padrões monomórficos que se distribuem mais amplamente na região. 
Essas áreas estreitas passaram, posteriormente, a serem chamadas de zonas híbridas. Em 
1962, foi publicado o primeiro trabalho descrevendo a herança mendeliana presente nos 
caracteres que hoje se conhecem como “dennis”, “ray” e a banda da asa anterior (forewing 
‘FW’ band) em uma borboleta do gênero Heliconius (no caso, H. melpomene)  (Turner & Crane 
1962), envolvidos nos importantes processos do mimetismo presente nessas borboletas. Após 
esta publicação, diversos trabalhos se dedicaram a mapear os genes responsáveis por esses 
padrões e analisá-los do ponto de vista molecular (e. g Jiggins et al., 2005; Joron et al., 2006; 
Kronforst et al., 2006; Reed et al., 2011), o que possibilitou que se entendesse a dinâmica 
populacional desses genes em populações de Heliconius de ampla distribuição nos 
Neotrópicos. Hoje, sabe-se que processos como hibridização e introgressão são 
extremamente importantes na história evolutiva do gênero (Beltrán et al. 2002; Mallet et al. 
2007; Pardo-Diaz et al. 2012 Wallbank et al. 2016; Jay et al. 2018; Kozak et al. 2018; Edelman 
et al. 2019; Jay et al. 2019). No entanto, apesar de menos presente na literatura atual, o papel 
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dos refúgios florestais na formação de raças, subespécies e espécies de Heliconius não pode 
ser ignorado. 
Isso coloca essas borboletas no cerne de intensas discussões acerca de quais são os 
processos mais recorrentes que levaram à especiação nos Neotrópicos. Em diversos estudos, 
estas borboletas sustentaram tanto hipóteses de diversificação por isolamento (alopatria) em 
refúgios florestais (Brown et al. 1974; Brown 1976; Brown and Benson 1977, Brown 1979), 
como de diversificação em isolamento por distância (parapatria) e, também, em simpatria 
(Jiggins et al. 2001; Jiggins 2008). Por esses motivos, essas borboletas figuram em trabalhos 
que buscam desvendar desde os finos processos moleculares envolvidos na diversificação 
fenotípica do gênero, até os processos filogeográficos mais robustos que ajudam a explicar os 
padrões da biodiversidade neotropical. 
 
1.3 Heliconius hermathena: taxonomia, ecologia e padrões de coloração. 
 
 A primeira descrição de um indivíduo de Heliconius hermathena foi feita por Hewitson 
em 1854, mas foi apenas em 1977 que um estudo mais amplo e detalhado foi realizado (Brown 
& Benson 1977). Nesse estudo, os autores descreveram pela primeira vez um paralelo que 
pode ser traçado entre a hipótese dos refúgios e a diferenciação de H. hermathena. Apesar 
de não terem se diferenciado nas áreas presumivelmente associadas aos refúgios florestais, a 
diferenciação de H. hermathena pode estar relacionada aos mesmos processos que causaram 
os refúgios: ciclos climáticos que ora expandiram e ora fragmentaram os ambientes onde a 
espécie está adaptada. 
Heliconius hermathena possui sete subespécies descritas, diferenciadas por seus 
padrões de coloração e por históricos distintos de condições ecológicas (Brown & Benson 
1977). Seis delas, H. h. duckei, H. h. sheppardi, H. h hermathena, H. h. sabinae H. h. curua e H. 
h. renatae, são consideradas como “não-miméticas” (não participam de anéis miméticos 
conhecidos) e são pouco diferenciadas entre si. Suas asas anteriores são pretas e apresentam 
uma banda vermelha e uma listra amarela tanto na parte ventral quanto na dorsal, enquanto 
as asas posteriores são pretas com uma banda transversal amarela e duas séries de pontos 
marginais amarelos. Por outro lado, H. h. vereatta apresenta a asa anterior preta com banda 
vermelha e a perda das bandas amarelas nas asas, sendo muito similar e voando junto com H. 
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melpomene melpomene e H. erato hydara, formando assim um anel mimético com elas, o que 
a faz ser considerada uma subespécie mimética de H. hermathena. 
A maioria das subpopulações conhecidas de H. hermathena ocorre próximas ao Rio 
Negro, Rio Amazonas e Rio Madeira, exclusivamente em áreas de campinas e campinaranas. 
Suas populações podem ser bastante densas em algumas localidades (Seixas et al. 2017), mas 
em algumas localidades a densidade é bastante baixa, como é usual para espécies de 
Heliconius. Essas borboletas se alojam de forma gregária, debaixo de folhas vivas, geralmente 
bem próximas ao solo, diferenciando-se de espécies filogeneticamente próximas a elas como 
H. erato, as quais se alojam em galhos mortos e mais distantes do solo. Por outro lado, exibem 
um comportamento típico das Heliconius, conhecido como “home range behavior”, o qual 
limita sua capacidade de dispersão. Os adultos da espécie se alimentam de flores de plantas 
das famílias Rubiaceae, Apocynaceae, Fabaceae e Humiriaceae; já suas lagartas se alimentam 
exclusivamente de folhas de plantas do gênero Passiflora (Passiflora faroana e P. 
hexagonocarpa). A relação de H. hermathena com sua planta hospedeira parece ser mais 
especializada que a de espécies de floresta, pela disponibilidade e tipo de flores presentes nas 
campinas e campinaranas (Brown & Benson 1977).ß 
Brown e Benson (1977) descreveram com bastante precisão os mais diversos aspectos 
da biologia de H. hermathena, inclusive aqueles relativos à sua diversificação, mesmo sem a 
utilização de dados moleculares. Hoje, podemos testar, se, de fato, a variabilidade genética 
presente na espécie reflete um processo de diversificação por isolamento ou, se, ao menos, 
ela indica que esse isolamento pode ser responsável por restringir ou inibir o fluxo gênico 
entre as subespécies no presente. 
 
1.4 O genoma mitocondrial e seu uso nesse estudo. 
 
Marcadores moleculares têm sido amplamente aplicados para inferir o fluxo gênico e 
o isolamento reprodutivo em populações de insetos (Sperling & Hickey 1994; Porretta et al. 
2007). A subunidade I do Citocromo Oxidase (COI), por exemplo, foi um marcador pioneiro 
em estudos de biologia evolutiva e genética de populações; mais recentemente, sua aplicação 
foi proposta no sentido de integrar o conhecimento taxonômico com a variabilidade genética 
entre espécies num sistema universalizado, o “DNA Barcode” (Hebert et al. 2003a Rubinoff & 
Holland 2005). Por exemplo, nosso grupo de pesquisas utilizou à extremidade 5´ do COI para 
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auxiliar na identificação de uma nova subespécie de H. hermathena, a subespécie H. h. curua 
(Freitas et al. 2018). Nesse trabalho, algumas observações acerca da variabilidade haplotípica 
de subpopulações de H. hermathena foram feitas, sem o intuito de identificar como essa 
variabilidade se relaciona com a história evolutiva da espécie e com os ecossistemas de areia 
branca.  
No entanto, existem críticas contundentes ao uso do COI e do mtDNA como 
marcadores moleculares em estudos filogenéticos e de genética de populações. Por vezes, 
tais críticas são feitas quando o mtDNA apresenta divergências em relação a marcadores 
nucleares e hipóteses taxonômicas pré-existentes (Shaw 2002); outras vezes, focam nas 
limitações estruturais e evolutivas de tais marcadores (Ballard & Whitlock 2004; Galtier, et al. 
2009). Tais críticas são contestadas por autores que afirmam que, até o momento, as mesmas 
não são suficientes para contestar de forma ampla os estudos realizados ao longo de décadas 
com esses marcadores (Rubinoff & Holland 2005). Além disso, os mesmos afirmam que os 
argumentos que focam nas limitações estruturais e evolutivas tanto do COI como do mtDNA 
não são tão precisos para eliminar esses marcadores de estudos filogenéticos e de genética 
de populações, ressaltando suas vantagens e limitações (Rubinoff & Holland 2005; Silva-
Brandão et al. 2009; DeSalle & Goldstein 2019). Atualmente, devido sobretudo ao avanço 
constante de tecnologias de sequenciamento de nova geração (NGS) e de métodos 
computacionais eficientes, tem-se utilizado vastamente o mtDNA completo (mitogenoma) em 
estudos evolutivos em insetos (e.g Haran et al. 2013; Simon & Hadrys 2013; Timmermans et 
al. 2014; Bourguignon et al. 2017; Condamine et al. 2018), humanos (e.g Zhang et al. 2013; 
Olivieri et al. 2017), peixes (e. g Carr & Marshall 2008; Teacher et al. 2012) e aves (e. g Ramos 
et al. 2018), por exemplo.  
Neste trabalho, utilizamos o mitogenoma de 71 indivíduos de H. hermathena, afim de 
obter uma matriz completa e informativa de dados genéticos sobre a espécie. Devido à 
características como baixa taxa de recombinação, alta taxa de mutação, estrutura simples, 
herança materna e número efetivo populacional mais baixo (Avise et al. 1983; Moritz et al. 
1987; Piganeau et al. 2004), acreditamos que essa matriz nos possibilitou acessar com 
precisão a variabilidade genética presente entre subespécies e subpopulações de H. 
hermathena, assim como fazer importantes inferências sobre a evolução da espécie. 
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Single chapter: Population genetics of the white sand butterfly 
Heliconius hermathena (Lepidoptera:Nymphalidae) assessed by 
mitogenome analysis 
 
1. Introduction  
 
White sand ecosystems (WSEs), usually known as campinas and campinaranas, are 
unique Amazonian environments characterized by their scleromorphic vegetation, white 
quartz sand soil, hydrology, fire regime and strongly patched distribution across the Amazon 
(Adeney et al. 2016). Varying from open grasslands to dense closed forests over white sandy 
soils, they reach Amazonian regions in Brazil, Peru, Venezuela, Colombia, Suriname, Guiana 
and French Guiana, totalizing around 334,879 km2 (Eiten 1978; Adeney et al. 2016). Such 
broad distribution and specific features make white sand ecosystems a pivotal aspect of 
Amazonian landscape, notwithstanding, underrepresented in both geological and biological 
literature, especially those regarding the genetics of their inhabiting populations. Investigating 
such aspects of these unique environments, however, is crucial to understanding the 
processes by which Amazonian diversity has been generated. 
Numerous hypotheses have been proposed to explain such processes, mostly focusing 
on allopatric speciation (e.g paleogeography hypothesis, river hypothesis, river-refuge 
hypothesis, refuge hypothesis, canopy-density hypothesis, museum hypothesis, disturbance-
vicariance hypothesis and gradient hypothesis - revised by J. Haffer 2008). One of the most 
prominent, yet, criticized of these hypotheses is the refuge hypothesis. Originally proposed by 
Haffer (1969), it states that climatic fluctuations in the Pleistocene led to the retraction of the 
forest matrix, to the point where isolated areas of closed rainforest surrounded by open 
vegetation, such as currently present in savannas and WSEs, acted as centers of diversification 
for both plant and animal species, the so called “forest refugia” (Brown & Benson 1977; Haffer 
1969). In effect, evidences of the formation of corridors and the expansion of open habitats 
such as savannas in the Amazon, suggest the retraction of the rainforest and the generation 
of the refugia areas (Quijada-Mascareñas et al. 2007; Vargas-Ramírez et al. 2010). 
Furthermore, many studies have demonstrated the possible role of forest refugia in 
generating patterns of differentiation in both the flora and fauna in the Amazon and in the 
Neotropics (Brown 1976; Brown et al. 1974; Fouquet et al. 2012; Haffer 1969; Pinheiro et al. 
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2013; Prance, 1973; Vuilleumier 1971). Nevertheless, there is strong debate on explaining 
Amazonian and, more broadly, Neotropical diversification solely based on the allopatry 
derived from the isolated forest refugia (Knapp & Mallet 2003). For instance, populations can 
become reproductively isolated by distance – parapatry – or even become adapted to specific 
niches in continuous ecosystems, such as the Amazon, because it is difficult to reach fully 
isolated habitats in such broad environments, which leads to sympatric diversification (Jiggins 
et al. 2001; Jiggins 2008). Hence, the importance of the refugia resides on explaining only part 
of the evolutionary history of the Neotropics, but not all of its complexity (Rull 2011).  
Since campinas and campinaras currently occur in clear isolation, in the form of islands 
surrounded by forest matrix (Adeney et al. 2016), the present diversity in these areas may 
have arisen by allopatry and is maintained by the absence of gene flow. It is expected that 
when isolated in patches of white sand areas, populations inhabiting them might differentiate, 
making a strong case for allopatric diversification, such as proposed by the refuge hypothesis. 
Furthermore, the harsh conditions on these environments, such as high-light, high 
temperature and low humidity, might have acted as selective pressures that contributed to 
the formation of very specialized communities with high endemism in WSEs (Brown & Benson 
1977; Anderson 1981; Adeney et al. 2016).  
Even though the forest expansions that led to the isolation of WSEs are quite the 
opposite of the retractions that created presumed areas of forest refugia in the Pleistocene, 
there is of course a strong parallel between the existence of isolated WSEs and the isolated 
forest refugia. Nevertheless, only a small fraction of the literature investigated specifically the 
white sand areas, using ecological, morphological and distributional features of its species (e.g 
Brown & Benson 1977; Anderson 1981; Borges 2004; Poletto & Aleixo 2005; Ferreira 2009; 
Guilherme & Borges 2011). Even a smaller fraction explored the actual genetic diversity 
among populations inhabiting WSEs (Capurucho et al. 2013; Matos et al. 2016; Ferreira et al. 
2018). Exploring this aspect is crucial to understand if WSEs provide an environment in which 
the genetic pools of its endemic populations become fully isolated, allowing the speciation 
processes to occur. It is not possible to fully understand Amazonian biodiversity without 
investigating the genetic diversity and the population differentiation within these unique 
environments, and the role of WSEs in the evolutionary processes that generated that 
outstanding diversity. 
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The white sand specialist butterfly Heliconius hermathena (Hewitson, 1854) 
(Lepidoptera: Nymphalidae) is a species that provides an excellent model to investigate the 
genetic diversity and population structure in WSEs. The seven described subspecies of H. 
hermathena are specialized to WSEs and occur in low-density populations across the isolated 
patches of open habitat vegetation (Brown & Benson 1977). It was proposed that the strong 
reduction in gene flow among subpopulations of H. hermathena led to the differentiated 
phenotypic patterns that can be currently appreciated (Brown & Benson 1977). While most of 
the subspecies (H. h. curua, H. h. duckei, H. h. hermathena, H. h. renatae, H. h. sabinae, and 
H. h. sheppardi) exhibit a non-mimetic color pattern with yellow streaks on the forewing, 
yellow stripes on the hindwing and two series of yellow spots on the hindwing, H. h. vereatta 
has no yellow markers at all, exhibiting only a postmedian red band on both ventral and dorsal 
sides of the forewing, as all the remaining subspecies (Brown & Benson 1977) (Fig 1). The 
unique pattern of H. h. vereatta within the species make it part of the mimetic ring composed 
by the sympatric H. erato hydara and H. melpomene melpomene. These color patterns are 
phenotypical features that allow the taxonomic identification of H. hermathena subspecies, 
but it is not yet known if these patterns correspond to current lineage differentiation among 
H. hermathena subpopulations. The thorough description of H. hermathena by Brown and 
Benson (1977) shows with much precision what can be seen in the field regarding distribution, 
systematics and ecology, although there was no further investigation on the genetic 
differentiation among its subpopulations. It is also unknown if the isolation of subpopulations 
provides an explanation for the genetic variability within the species, regardless of their 
phenotypically attributed taxonomy based on color patterns and geographical distribution.  
Here we propose to investigate the genetic variability and structure within and among 
subpopulations of H. hermathena in its known areas of occurrence in Amazonian WSEs. 
Hence, we assembled a complete reference mitogenome for H. hermathena and used it to 
assemble individual mitogenomes for all sampled specimens. Mitogenomes have been vastly 
used in the last decade, especially in phylogenetics studies with insects (Haran et al. 2013; 
Simon & Hadrys 2013; Timmermans et al. 2014; Bourguignon et al. 2017; Condamine et al. 
2018), fishes (Carr & Marshall 2008; Teacher et al. 2012) and birds (Ramos et al. 2018). In this 
work we apply the data from the mitogenome of H. hermathena in a population genetics 
framework to assess information related to the diversification of its lineages both in genetic 
and morphological characters, and to test if taxonomically relevant color patterns correspond 
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to current genetic differentiation. With the data gathered with this emblematic white sand 
specialist butterfly we expect to provide new evidence on the role of the Amazonian WSEs in 
the pattern of high diversity found in the whole Amazonian rainforest. 
 
 
Figure 1. Subspecies of Heliconius hermathena. Upper picture of each individual represents dorsal 
view and lower picture represents ventral view.   
 
2. Material and Methods  
 
2.1. Data acquisition 
 
 We sampled 71 individuals from six subspecies of Heliconius hermathena in eight 
localities of white sand ecosystems (herein called subpopulations): Barcelos, Manaus, Maués 
and Presidente Figueiredo in Amazonas state, Curuá, Faro_Aibi, Faro_Tigre and Santarém in 
Pará state (Table 1, Figure 2). These areas include both patches of open campina vegetation 
and closed campinaranas surrounded by Amazonian rainforest.  
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Table 1 Sample localities (subpopulations) information. N = number of sampled individuals. 
Subspecies 
 
Localities Locality Code N Coordinates 
H. h. duckei Faro, PA Faro_Aibi 7 -1o58'48.60" S; 56 o 42'32.46" W 
H. h. vereatta Faro, PA Faro_Tigre 19 -2o11.23' S; -56o40.83' W  
H. h. curua Curuá, PA Curuá 3 -8o43'52.46" S; -54o58'7.28" W  
H. h. hermathena Maués, AM Maués 4 -3o22'36.55" S; -57o43'17.18" W  
Santarém,PA Santarém 9 -2o27'38" S; -54o43'59" W  
H. h. sabinae Barcelos, AM Barcelos 3 -0o 59'29.87" S; -62o55'31.28" W  
H. h. sheppardi Manaus, AM Manaus 10 -2o35'29.23" S; -60o1'48.87" W  
Presidente Figueiredo, 
AM 
P. Figueiredo 16 -1o59'7.5" S; -60o3'12.12" W  
 
 
 
Figure 2 Map of the sampling localities of each subpopulation of H. hermathena. 
 
Total genomic DNA was extracted from the thorax tissue of each specimen in a solution 
of 250 µl of a Tris HCL 1M, EDTA and 1% SDS solution, 1x PBS, 20 µl of proteinase-K, and 30 µl 
of RNAse A, incubated overnight at 56˚C. We then added 70 µl of KAC and incubated the 
material on ice for 30 minutes to posteriorly centrifuge it for 15 min at 13,000 rpm. The 
supernatant was transferred to new tubes for the addition of 500 µl of chloroform and 
centrifuged for 5 min at 13,000rpm. We repeated the same process one more time and then 
separated the supernatant in new tubes in which we added 900 µl of 100% ethanol and 30 µl 
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of 3 M NaAc. We mixed each tube by inversion and let them rest at -20˚C overnight. After this 
period, we centrifuged the tubes for 15 min at 13,000rpm and carefully discarded the 
supernatant. We centrifuged the precipitate with 1 ml of 80% ethanol for 5 min at 13,000rpm 
so we could later dry it and resuspend it with 55 µl of Tris HCl + 0,1mM EDTA. 
 Genomic DNA was fragmented with a Covaris sonicator (Covaris, Massachusets, USA) 
and individual genomic libraries were prepared following the procedure of the KAPA Hyper 
Prep Kit (Kapa Biosystems, Wilmington, USA). Twelve individual libraries were sequenced on 
an Illumina HiSeq 2500 lane in the Genomic Facility in the University of Chicago. 
 
2.2. Mitogenome assembling, annotation and alignment 
 
 We visualized the quality control of paired-reads of the 71 individuals with FastQC 
(Andrews 2010) and MultiQC (Ewels et al. 2016), and removed adapters using Trim Galore. 
Since data was genomic, we filtered mitochondrial DNA (mtDNA) reads using the package 
MIRAbait of the MIRA assembler v. 4.0 (Chevreux et al. 1999) with the mitogenome of 
Heliconius melpomene rosina (NCBI Accession Number KP153600) as reference (“bait”), and 
k-mer = 15, since higher k-mer values resulted in poorer mitogenome assembly. We used 
default values for each program in the Galaxy platform (Cock et al. 2013), except for k-mer 
value in MIRAbait. We imported filtered reads for all paired-reads from the 71 individuals into 
Geneious v. 10 (Kearse et al. 2012) for the assembling of a Heliconius hermathena reference 
mitogenome, using the Map to Reference command, and H. melpomene rosina’s mitogenome 
as reference.  
We then separately assembled individual mitogenomes for each sampled specimen 
using the Map to Reference procedure, and the mitogenome assembled for H. hermathena as 
reference. We annotated the mitogenome sequences using the GeSeq tools (Tillich et al. 2017) 
on the Chlorobox website based on information for all available Heliconius mitogenomes on 
NCBI (selected from the Chlorobox website - https://chlorobox.mpimp-golm.mpg.de/). This 
produced the final sequences that were then aligned with the MAFFT (Katoh et al. 2002) plugin 
in Geneious v. 10 using the FFT-NS-i x1000 algorithm.  We extracted protein coding genes 
(PCGs) from this alignment and concatenated them with the Geneious command 
“Concatenate sequences or alignments”, which resulted in the final alignment composed by 
  
26 
all 71 individuals; only the PCGs were used in subsequent analyses. Final alignment was 
visually checked for possible errors with AliView (Larsson 2014). 
 
2.3. Mitogenome architecture  
 
 We made a simple characterization of the H. hermathena reference mitogenome by 
visualizing the annotated mitogenome in Geneious v. 10 (Kearse et al. 2012) and identifying 
start and stop codons for PCGs, along with tRNAs and rRNAs. We downloaded annotated 
sequences of mitogenomes from other Heliconius species deposited in NCBI to structurally 
compare them. The downloaded sequences were: H. clysonymus (NC_027516.1), H. cydno 
(NC_024864.1), H. ismenius (NC_026463.1), H. hecale (NC_024744.1), H. melpomene rosina 
(KP100653.1), H. pachinus (NC_024741.1) and H. sara (NC_026564.1). 
 
2.4. Sequence and haplotype diversity 
 
 We assessed nucleotide diversity within and between subpopulations using DnaSP v. 
6 (Rozas et al. 2017). Individuals were assigned to their specific subpopulation, defined by its 
sampling locality (Data > Define Sequence Set), and the PCGs in the alignment were assigned 
as a domain by their lengths (Data > Define Domain Set). We used the command DNA 
Polymorphism to obtain summary statistics for both intrapopulational and interpopulational 
levels. In order to understand nucleotide diversity among mitochondrial genes for H. 
hermathena we used the MultiDomain Analysis (Overview > MultiDomain Analysis). We also 
performed Tajima’s D (Tajima 1989) and Fu’s F (Fu 1997) neutrality tests to infer variations in 
demographical patterns through time. 
 We proposed haplotype networks to infer the genetic relationships across 
subpopulations of H. hermathena based on mutational steps. We calculated a haplotype 
network for the whole mitogenome and for each individual PCG in order to understand how 
the information contained on each gene contributes to the haplotype segregation of H. 
hermathena subpopulations, using the median-joining network (epsilon = 0) algorithm on 
PopArt v 1.7 (Leigh & Bryant 2015).  
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2.5. Genetic differentiation and population structure 
 
 We used Arlequin v. 3.5 (Excoffier & Lischer 2010) in order to assess population 
differentiation by performing an analysis of molecular variance (AMOVA) and a pairwise FST 
analysis. AMOVA was performed for 1000 replicates and pairwise FST for 100 replicates 
calculating the distance matrix for pairwise differences. We also computed a pairwise distance 
matrix using Kimura-2-parameter (Kimura 1980) in MEGA X (Kumar et al. 2018). A Mantel test 
was performed with Arlequin in order to infer if there is any correlation between the 
differentiation estimated by pairwise FST and a pairwise linear geographic distance matrix 
across subpopulations. 
 
2.6. Phylogenetic inference 
 
 Bayesian phylogenetic inference was performed to understand if individuals from a 
specific subpopulation are more closely related to individuals from the same subpopulation 
than with individuals from other subpopulations. We used two approaches to obtain 
phylogenetic trees: (1) a bayesian inference (BI) using MrBayes v. 3.2.7 (Ronquist & 
Huelsenbeck 2003) in the CIPRES platform with a mixed prior of evolutionary models, unlinked 
state frequencies and shapes, and 100 million MCMC generations. Burn-in was set to 25% and 
the run was set for four chains; (2) a maximum likelihood tree (ML) obtained with IQ-TREE 
(Nguyen et al. 2015) setting the program to test for the best evolutionary model (-m TEST), 
and to run 1000 ultrafast bootstrap replicates (-bb 1000). Both trees were obtained with 
Heliconius erato as outgroup. We performed the partitioning of the data with PartitionFinder2 
(Lanfear et al. 2016) in order to account for heterogeneity among the molecular evolution of 
the PCG’s in our sequence matrix and to find the best fit model for different partition schemes, 
prior to running phylogenetic inferences. 
 
2.7. Pearson correlation between morphological and genetic distance matrices 
 
 We used a Pearson correlation in order to analyze if morphological distances between 
subspecies and subpopulations are correlated with inferred genetic distances among them. In 
order to obtain the morphological distance matrix, we firstly obtained a taxonomical matrix 
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based on wing color pattern characters (Appendix Table 1). This taxonomical matrix was later 
converted into a pairwise morphological distance matrix using the package Claddis (Lloyd 
2016) in R (R Core Team 2017) with RStudio (RStudio Team 2015). This matrix was obtained 
using the ‘MORD’ (Maximum Observable Rescaled Distance) (Lloyd 2016) argument, which 
computes every distance on a zero to one scale, comparable to that of the genetic distance 
matrix (obtained with MEGA X – section 2.5 of Materials and Methods). Both matrices were 
imported into Excel to compute the Pearson correlation. 
 
3. Results 
 
3.1. Mitogenome assembling and architecture 
 
The assemblage of the reference mitogenome of Heliconius hermathena resulted in an 
overall confidence mean of Q39.1 (Phred Score) and at least 95% of the sequences have a 
Phred Score of Q30. The complete sequence is 15,352 bp in length (39.2% A, 40.9% T, 11.9% 
C, 7.9% G), composed of 13 protein coding genes (PCGs), 22 tRNA, two rRNAs and a A+T rich 
region, also called D-loop or control region (Fig. 3). Most of the PCGs (ND2, CO1, CO2, CO3, 
ATP8, ATP6, CO3, ND3, ND6 and CYTB) are present in forward position, coded on the majority 
strand, whilst the others (ND5, ND4, ND4L and ND1) are reversed and coded on the minority 
strand. The ND5 gene is the lengthiest and has 1736 base pairs while ATP8 is the shortest with 
168 base pairs (Table 2). In accordance with other studies (e.g Lu et al. 2013), the start codon 
of the COI gene is CGA (Table 2). There is an overlap between the last seven bases of the ATP8 
gene and the first seven bases of the ATP6, and this overlap was also documented in other 
works with Lepidoptera (Lu et al. 2013). There are no structural differences between H. 
hermathena mitogenome and mitogenomes from other Heliconius species.  
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Figure 3 Graphic representation of the mitogenome of Heliconius hermathena.  
 
Table 2 Summary of mitogenome architecture. * indicates reverse position of the gene 
PCGs and tRNAs Length (Position) Start Codon Stop Codon Anticodon 
ND2 1015 (255-1269) ATT TAA - 
COI 1531 (1480-3010) CGA ATT - 
COII 674 (3078-3751) ATG TTA - 
ATP8 165 (3891-4055) ATT TAA - 
ATP6 678 (4049-4276) ATG TAA - 
COIII 786 (4726-5511) ATG TAA - 
ND3 354 (5582-5935) ATT TAA - 
ND5 * 1736 (6350-8085) ATT TAA - 
ND4 * 1536 (8158-9043) ATG GAT - 
ND4-L * 282 (9493-9774) ATG TAA - 
ND6 531 (9915-10445) ATT TAA - 
CYTB 1149 (10458-11606) ATG TAA - 
ND1 * 939 (11690-12628) TTG TAA - 
trnM1 57 (1-57) - - GTA 
trnI 64 (69-132) - - CTA 
trnQ 69 (130-198) - - AAC 
trnM2 11 (514-524) - - GTA 
trnW 65 (1273-1337) - - AGT 
trnC 65 (1348-1412) - - CGT 
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trnA1 67 (1348-1414) - - ACG 
trnY * 65 (1413-1477) - - CAT 
trnL1 67 (3011-3077) - - ATT 
trnK 71 (3754-3824) - - GAA 
trnD 52 (3826-3877) - - CAG 
trnG 65 (5527-5581) - - AGG 
trnA2 69 (5934-6002) - - ACG 
trnR 47 (6002-6048) - - AGC 
trnN 65 (6066-6130) - - CAA 
trnS1 60 (6129-6188) - - CGA 
trnE 67 (6220-6286) - - AAG 
trnF * 66 (6350-6285) - - CTT 
trnH * 69 (8086-8154) - - CAC 
trnT 65 (9783-9847) - - ACA 
trnP * 65 (9848-9912) - - ACC 
TrnS2 68 (11605-11672) - - ACT 
trnL2 * 67 (12699-12695) - - ATC 
trnV * 66 (14047-14139) - - ATG 
 
3.2. Sequence and haplotypic diversity across subpopulations 
 
The dataset used for all of the analyses is a 11,173 bp matrix composed of all of the 71 
sequenced individuals and 13 concatenated PCGs. Subpopulations presented low 
intrapopulational nucleotide diversity (p) and high interpopulational nucleotide diversity, 
indicating that genetic diversity is mostly retained among subpopulations, rather than within 
them (Table 3). Presidente Figueiredo presented the highest value of nucleotide diversity and 
Manaus has the lowest one, even though both localities have specimens identified as H. h. 
sheppardi and are only 66,89 km apart. Barcelos presented an even lower nucleotide diversity 
than Manaus, but since only three individuals were sampled in this locality, we assume that 
the whole diversity could not be appreciated in this dataset. Tajima’s D and Fu’s F neutrality 
tests were insignificant both for each subpopulation and overall. Nucleotide diversity present 
in each PCG showed that the cytochrome oxidase subunit 1 (COI) has the highest number of 
segregating sites and the highest value of nucleotide diversity (Table 4). 
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Table 3 Overall (interpopulational) and within (intrapopulational) genetic diversity among 
subpopulations of H. hermathena. N = number of individuals; S = segregating sites; H = number of 
haplotypes; Hd = haplotypic diversity; π = nucleotide diversity; Fs = Fu's F; D = Tajima's D; SD = 
standard deviation; numbers in bold p < 0.05 
Subpopulation N S H Hd (SD) p (SD) Fs D 
Barcelos 3 0 1 0.000 (0.000)  0.00000 (0.00000)  -- -- 
Curua 3 42 3 1.000 (0.272)  0.00251 (0.00100)  -- -- 
Faro_Aibi 7 16 4 0.714 (0.181)  0.00043 (0.00019)  1.621  -1.503  
Faro_Tigre 19 23 6 0.725 (0.083)  0.00086 (0.00006)  5.755  1.815  
Manaus 10 2 3 0.511 (0.164)  0.00006 (0.00002)  -0.272  -0.184  
Maués 4 2 2 0.500 (0.265)  0.00009 (0.00005)  1.099  -0.701  
P. Figueiredo 16 131 9 0.892 (0.054)  0.00286 (0.00122)  6.092  -0.85  
Santarém 9 6 5 0.722 (0.159)  0.00000 (0.00005)  -1.113  -0.849  
Overall 71 293 33 0.958 (0.010)  0.00669 (0.00031)  13.299  0.686  
 
Table 4 MultiDomain Analysis performed on DnaSP v 6.0 on each of the 13 PCG's considering all H. 
hermathena’s individuals (N = 71). S = segregating sites; Hap = number of haplotypes; Hd = 
haplotype diversity; VarHd = variance of haplotype diversity; π = nucleotide diversity 
PCG Number of Sites S Hap Hd Var Hd p 
ATP8 165 1 2 0.369 0.00284 0.00224 
ATP6 678 14 13 0.829 0.00074 0.00369 
COI 1531 51 16 0.894 0.00021 0.00928 
COII 674 17 8 0.778 0.00061 0.00486 
COIII 786 22 17 0.907 0.00017 0.00555 
CYTB 1149 32 13 0.879 0.00030 0.00778 
ND1 939 35 15 0.910 0.00013 0.00878 
ND2 1015 21 9 0.793 0.00073 0.00576 
ND3 354 9 8 0.783 0.00065 0.00562 
ND4 1536 42 12 0.866 0.00033 0.00840 
ND4L 282 6 6 0.756 0.00058 0.00632 
ND5 1736 33 13 0.870 0.00029 0.00546 
ND6 531 10 13 0.874 0.00026 0.00444 
Overall 11173 293 33 0.959 0.00010 0.00667 
 
 The haplotype network (Fig. 4) resulted in a total of 33 haplotypes, in agreement with 
the total number of haplotypes (Overall HD – Table 3) inferred by DnaSP (Overall HD – Table 
3). Individuals from Pres. Figueiredo presented the highest number of haplotypes, nine, while 
all three individuals sampled in Barcelos presented the same haplotype; with the same 
sampling size, Curuá showed three different haplotypes. Each subpopulation is genetically 
isolated from the others, although this is not true for the two subpopulations from Faro 
(Faro_Aibi and Faro_Tigre): despite inhabited by individuals of two highly morphologically 
different subspecies, they do not form discrete haplogroups, even though some haplotypes 
are exclusive for each subpopulation. Individuals from Maués and Santarém, identified as H. 
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h. hermathena, are genetically close, although individuals from Maués are clearly closer to 
each other than with individuals from Santarém. Manaus and P. Figueiredo, both with 
individuals identified as H. h. sheppardi, present the highest distance between two groups 
(Fig. 4) 
 Overall, most of the PCGs recover a haplotype network which resembles the complete 
mitogenome’s network: at least six discrete haplogroups genetically isolated by different 
amounts of mutational steps (Fig. 5). These haplogroups are generally formed by: (1) Barcelos, 
(2) Curuá, (3) both of the two subpopulations from Faro subpopulations, (4) Manaus, (5) 
Maués and Santarém, and (6) Presidente Figueiredo. The degree of isolation of the pair of 
subpopulations in Maués and Santarém varies according to the gene that is under analysis, as 
does the isolation of Barcelos and Presidente Figueiredo. The genes COI, COIII and ND1 genes 
recover almost exactly the same network pattern recovered with the complete mitogenome 
(except by the number of mutational steps separating subpopulations), and they present the 
highest number of diverse haplotypes (17 COIII, 16 COI and 15 ND1). The least genetic 
information is present at the ATP8 gene, which only recovers two haplotypes, one of them 
presented in individuals from Barcelos and Presidente Figueiredo and the other in individuals 
of all other subpopulations. The network recovered with the gene COII, shows one individual 
from Curuá sharing its haplotype with individuals from Maués and Santarém (Fig 5). 
 
 3.3. Genetic differentiation and population structure 
 
The lowest pairwise genetic distance was found between the two subpopulations from 
Faro (Table 5). Presidente Figueiredo and Manaus do not present the highest pairwise genetic 
distance, although they are clearly distant from each other. Barcelos has the highest genetic 
distances in relation to all other subpopulations, which is probably due to the small sampling 
at this locality, resulting in the lowest nucleotide diversity and lowest haplotypic diversity 
(Table 3). The genetic distance between Barcelos and P. Figueiredo is clearly lower than the 
distances between Barcelos and the other subpopulations, indicating a genetic proximity 
between them, a result obtained across all analyses. 
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Figure 4 Haplotype network (median joining network) for H. hermathena subpopulations. Mutational 
steps are shown as small bars crossing the main lines. The size of circles indicates the number of 
individuals sharing the same haplotype, and smallest circles represent one individual. Colors of circles 
indicate sampling localities. 
 
Table 5 Intrapopulational genetic distances within each of the subpopulations (first diagonal, bold), and 
pairwise mean genetic distances among subpopulations. Distances were obtained using Kimura-2-
Paramaters as substitution model. 
 Santarém Manaus Faro_Aibi Faro_Tigre P. Figueiredo Curuá Barcelos Maués 
Santarém  0,00015        
Manaus 0,00701 0,00006       
Faro_Aibi 0,00574 0,00673 0,00042      
Faro_Tigre 0,00586 0,00712 0,00091 0,00086     
P. Figueiredo 0,00924 0,00920 0,00964 0,00996 0,002891    
Curuá 0,00927 0,00984 0,00928 0,00951 0,010518 0,002515   
Barcelos 0,01117 0,01154 0,01130 0,01156 0,005108 0,010589 0,000000  
Maués 0,00119 0,00693 0,00553 0,00564 0,009346 0,009082  0,010956 0,000090 
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Figure 5 Haplotype networks for each of the PCGs in the H. hermathena’s mitogeome. A) ATP8; B) 
ATP6; C) COI; D) COII; E) COIII; F) CYTB; G) ND1; H) ND2; I) ND3; J) ND4; K) ND4-L; L) ND5; M) ND6. 
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 The AMOVA indicated strong genetic differentiation among subpopulations (Table 6). 
Most of the molecular variance (86.11%) is retained between among subpopulations whilst 
only 13.92% is present within them, which is an evidence of the importance of their isolation 
in retaining the present genetic differentiation. Pairwise FST is high for most of the pairwise 
comparisons. The lowest value is found between Faro_Aibi and Faro_Tigre (0.247). Presidente 
Figueiredo and Barcelos also have a lower FST (0.561) in comparison with all other values. 
 
Table 6 Overall and pairwise FST among subpopulations of H. hermathena obtained in Arlequin v 3.5 with 
100 permutations and computing the distance matrix for pairwise differences. * p < 0.05; ** p < 0.001; 
number in bold p > 0.05. AMOVA results obtained with 1000 permutations are shown below overall FST. 
Inside parenthesis are the degrees of freedom for the AMOVA analysis.  
 Santarém Manaus Faro_Aibi Faro_Tigre P. Figueiredo Curuá Barcelos Maués 
Santarém  --        
Manaus 0.984**  --       
Faro_Aibi 0.951**  0.969**  --      
Faro_Tigre 0.891**  0.917**  0.247*  --     
P. 
Figueiredo 
0.797**  0.807**  0.782**  0.818**  --    
Curuá 0.928*  0.945*  0.893*  0.885*  0.731*  --   
Barcelos 0.988*  0.995*  0.971*  0.933**  0.561*  0.880 --  
Maués 0.883*  0.990**  0.943*  0.870**  0.757*  0.880*  0.995*  -- 
Overall FST 0,861** 
Within subpopulation molecular variation  13.92% (7) ** 
Among supopulation molecular variation  86.11% (63) ** 
 
We also performed a Mantel test, for which a weak p-value for isolation-by-distance 
was found (p = 0.056). Regardless of subpopulations clear isolated distribution, this result does 
not comprehensively support a hypothesis of isolation-by-distance. 
 
3.4. Phylogenetic relationships among subpopulations 
 
 We found no differences in our phylogenetic topology when using partitioned or non-
partitioned data. Both Bayesian phylogenetic inference and Maximum Likelihood tree both 
resulted in the same topology with high support values, although only the Bayesian inference 
is shown (Fig. 6). There are five main monophyletic clades: (1) Barcelos and Presidente 
Figueiredo, (2) Curua, (3) Manaus, (4) Santarém and Maués, (5) Faro_Aibi and Faro_Tigre. 
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Within these clades, there is clear distinction between groups formed by individuals from each 
of the isolated subpopulations, which resemble the haplogroups presented in the complete 
mitochondrial haplotype network (Fig. 4). This result indicates that the genetic differentiation 
maintained by the isolation of H. hermathena subpopulations in WSEs formed distinct 
mitochondrial lineages. In accordance with the low pairwise FST, close genetic distances and 
the haplotype network, Faro subpopulations (Faro_Aibi and Faro_Tigre) show a clear 
paraphyletic pattern. These two subpopulations, therefore, cannot be genetically 
distinguished by any of our analyses.  
 
Figure 6 Bayesian inference phylogeny for subpopulations of H. hermathena based on complete 
mitogenome. Numbers on nodes indicate posterior probability. 
 
 
3.5. Morphological and genetic correlation 
 
 The Pearson correlation resulted in a Pearson coefficient of 0.1538 and R2 = 0.0237 
indicating an insignificant, low correlation between morphological and genetic distances. This 
result shows that, for the analyzed matrices, color pattern characters cannot explain the 
observed genetic distances among subpopulations, corroborating the idea that, for H. 
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hermathena, at least the demographical history and genetic differentiation patterns are not 
maintained by color patterns. Nevertheless, we highlight four particular patterns of the 
relationship between genetic and morphological distances: (A) a pair of subpopulations 
showing high genetic distance and low morphological distance (Fig. 7A); (B) a pair of 
subpopulations showing low genetic distance and low morphological distance (Fig. 7B); (C) a 
pair of subpopulations showing low genetic distance and intermediate to high morphological 
distance (Fig. 7C); and (D) a pair of subpopulations showing high genetic distance and high 
morphological distance (Fig. 7D). Regardless of low genetic and morphological distances in 
case (B), involving subpopulations from Maués and Santarém, (identified as H. h. hermathena 
(Fig. 7B) subpopulations, it is clear by other analyses that both of these subpopulations are 
structured and represent two distinct haplogroups. These patterns highlight the complexity 
of H. hermathena’s diversification and point to cases where it would be difficult to clearly 
establish species delimitation (according to Barley et al. 2013). 
 
 
Figure 7 Pearson correlation between pairwise genetic distances and morphological genetic distances. 
Highlighted patterns of relationship between genetic and morphological distances: (A) high genetic 
distance and low morphological distance; (B) low genetic distance and low morphological distance; 
low genetic distance and intermediate to high morphological distance; (D) high genetic distance and 
high morphological distance. Each of these specific points are highlighted with red circles.      
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4. Discussion 
 
The high genetic structure and differentiation of H. hermathena subpopulations is 
perhaps what first stands out in our results in Amazonian WSEs. Four main lines of evidence 
corroborate this pattern: (1) nucleotide diversity and molecular variance are retained among 
subpopulations rather than within them, as seen by the lower levels of intrapopulation 
nucleotide diversity in comparison with interpopulation nucleotide diversity (Table 3); (2) 
haplotype network clearly shows the genetic isolation of subpopulations (Fig. 4); (3) 
subpopulations are strongly structured, as indicated by overall FST, pairwise FST and AMOVA 
(Table 6); (4) phylogenetic inference shows that each subpopulation can be represented by an 
isolated mitochondrial lineage (Fig. 6). 
Both Bayesian inference and haplotype network indicate the strong structure among 
H. hermathena subpopulations. There is clear distinction between clades that are strictly 
related to each of the subpopulations, and the same pattern is observed within haplogroups 
in the haplotype network. All phylogenetic lineages are strongly supported by high values of 
posterior probability and indicate that H. hermathena mitochondrial genome have been 
evolving in isolation. Individuals from the same subpopulation are more closely related among 
them regardless of their subspecies (see the strong differentiation between the 
subpopulations from Manaus and P. Figueiredo which are both identified as H. h. sheppardi), 
indicating that evolution of different lineages is mostly explained by their geographical locality 
and not by their named subspecies. This is also corroborated by the fact that there is no 
correlation between morphological and genetic distances. In this scenario, it is clear that 
allopatry is in fact preventing gene-flow, at least at present, even between individuals from 
the same subspecies.  
Allopatry, for instance, has been the most held hypothesis to explain why speciation 
occurs (Mayr 1963; Coyne & Orr, 2004). It is quite straightforward to understand that when 
populations are kept geographically isolated for long enough, they will no longer present gene 
flow and, therefore, undergo speciation. This seems to be the case for H. hermathena. The 
uniqueness of WSEs and its strongly patched distribution may have driven H. hermathena to 
have genetically isolated subpopulations, as our results indicate. Allopatry may not be the sole 
reason why H. hermathena diversified, but rather indicate that, for this species, rainforest 
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surrounding WSEs act as a barrier for gene flow in present days, maintaining a pattern of high 
genetic differentiation among subpopulations.  
Population genetics studies with other white sand specialist insects are absent, but 
patterns of low genetic structure were described for white sand specialist birds, such as 
Xenopipus atronitens, Polytmus theresiae and Tachyphonus phoenicius (Capurucho et al. 
2013; Matos et al. 2016). Mainly because of behavioral and flying capability, and because of 
the ability of these birds in inhabiting neighboring igapó flooded forests, their dispersal is 
greater, allowing for a broader gene flow among populations. Conversely, H. hermathena 
butterflies seems to present a very specialized relationship with WSEs, and other amazonian 
open habitats, even neighboring ones, are not suitable for them (Brown & Benson 1977). 
Furthermore, H. hermathenas, as many other Heliconius, exhibit home-range behavior, which 
along with a very limited choice of host plant (only P. hexagonocarpa and P. faroana), greatly 
restricts their dispersal capability. Such behavior has been demonstrated to not necessarily 
prevent gene-flow (Mallet 1986), but its combination with the strongly patched WSEs might 
have isolated H. hermathena subpopulations in such a way that contact and gene-flow with 
other subpopulations is close to non-existent. Altogether, this features of H. hermathena’s 
biology approximates its patterns of genetic variability and population structure to that of the 
birds of the Galbula leucogastra/chalcothorax species complex, for which the isolation of 
WSEs also act as a barrier for gene flow among populations (Ferreira et al. 2018).  
 
 4.1 Genetic variability and haplotypic patterns 
 
 Since our study was developed with all of the PCGs in the mitogenome of H. 
hermathena, we assessed the different haplotypic patterns generated by each gene (Fig. 5), 
which was insightful in exploring possible past relationships among subpopulations. 
Furthermore, this type of analysis allowed us to understand the contribution of each PCG to 
the information present in the whole mitogenome. The gene COI alone was able to retrieve a 
pattern very similar to the one recovered with the whole mitogenome, in which all of the same 
subpopulations can be distinguished, by different number of mutational steps. This highlights 
the importance of the contribution of the COI sequences in studies where variability between 
closely related species (in this case, subspecies), needs to be inferred. We confirm that the 
COI sequence is a reliable tool to characterize patterns of genetic differentiation within and 
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among populations, in accordance with the ever increasing use of this tool (DeSalle & 
Goldstein 2019). On the other hand, ATP8, the gene with the least segregating sites and 
nucleotide diversity, generated an interesting pattern whereby Barcelos and Presidente 
Figueiredo share a common haplotype for all individuals that is different from a second 
haplotype, shared by all other individuals from every other subpopulation. A star haplotype 
pattern was found for these two subpopulations based on COI barcode region sequences 
(Freitas et al., 2018). Furthermore, individuals from Barcelos and Presidente Figueiredo are 
genetically closer across our analyses and have the second lowest value of pairwise FST. Taken 
together, these results suggest that individuals from Barcelos and Presidente Figueiredo 
individuals share a recent evolutionary history and that Barcelos subpopulation might have 
originated from migrants from Presidente Figueiredo subpopulation.  
Individuals from Maués, Santarém and Curúa subpopulations share a common 
haplotype for the COII gene, which does not happen for any other PCG (Fig. 5). It is not trivial 
to conclude that the subpopulation from Curuá originated from H. h. hermathena (Maués and 
Santarém) subpopulations, or vice-versa. Nevertheless, there are at least three important 
rivers surrounding these subpopulations – Tapajós, Xingu and Teles Pires – and as suggested, 
one possible reason for the expansion of white sand areas is their transportation by rivers, 
resulting from erosion and displacement of river channels (Latrubesse 2002). Although they 
do not share the same color pattern and are from different subspecies, a connection between 
Curuá, Maués and Santarém in the past seems reasonable in the light of the Latrubesse’s 
hypothesis for the expansion of WSEs areas in the Amazon. This scenario could have led to 
gene-flow among them and the generation of the current mitogenomic variability patterns. 
 The whole mitogenome haplotype network shows how subpopulations are genetically 
isolated, because many mutational steps clearly separate those subpopulations in 
distinguished haplogroups. Nevertheless, it would not be possible to see patterns of shared 
haplotypes solely based on this analysis, and, therefore, to make assumptions on closest 
relationships among subpopulations that could lead to a better understanding of the 
evolutionary history of the species.  
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4.2. Phylogeographical structure and phenotypic variation 
 
When analyzing the phylogeographic pattern of pairs of subpopulations and combining 
them with the phenotypic variation of each subspecies, it becomes clear that H. hermathena 
diversification is much more complex than expected. This pattern indicates that other 
mechanisms besides allopatry acted to generate the current pattern of diversification within 
this species. 
Zamudio et al. (2016) describe several possible phylogeographic scenarios to explain 
different patterns of genetic and geographical divergence among populations, and we are able 
to find more than one of these scenarios explaining present patterns within H. hermathena. 
The overall pattern indicates that subspecies are phylogeographically clustered while 
phenotypic patterns are also geographically grouped and isolated in each subpopulation. This 
pattern suggests that neutral divergence, local adaptation or divergent sexual selection might 
be active mechanisms driving diversification (Warwick et al. 2015; Winger & Bates 2015; 
Waldrop et al. 2016; Zamudio et al. 2016). The two cases that, otherwise, point to the possible 
role of other mechanisms related to different patterns of phylogeographical and phenotypic 
structure are H. h. vereatta and H. h. duckei, both from Faro, and H. h. sheppardi, the 
subspecies that occurs both in Manaus and P. Figueiredo. For the first pair (H. h. vereatta and 
H. h. duckei), phylogeographic structure is absent and phenotypic structure is geographically 
clustered, a pattern that might have resulted from rapid diversification, phenotypic plasticity 
or gene-flow between them (Rice & Pfennig 2010; Faulks et al. 2015; Mason & Taylor 2015; 
Zamudio et al. 2016). We believe that a mechanism of rapid diversification best explains the 
current pattern found for this pair of subspecies since, other than H. h. duckei, H. h. vereatta 
is part of the mimetic ring of the sympatric H. erato hydara and H. melpomene melpomene 
(Brown and Benson 1977), and, therefore, introgression might have strongly acted in the 
formation of this mimetic form. This mimicry switch of H. h. vereatta is associated with the 
cortex gene (Van Kuren et al. submitted) which was proposed to generate adaptive differences 
associated with wing color pattern in Heliconius butterflies (Nadeau et al. 2016). Since male 
mating preference is associated with mating cues (i.e the optix gene – associated with the 
formation of the red band in Heliconius’s forewings, also present in H. h. vereatta) in 
Heliconius butterflies (Merrill et al. 2019), assortative mating can be facilitated, acting as an 
ecological barrier for gene-flow and, therefore, driving speciation. In this scenario, in the 
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presence of predation pressure in the mimetic ring of H. h. vereatta, H. m. melpomene and H. 
e. hydara, selection against non-mimetic forms (e.g H. h. duckei) in the system might have 
acted to rapidly fix the mimetic form of H. h. vereatta in some areas in Faro. 
For the pair of subpopulations from Manaus and Presidente Figueiredo, both identified 
as  H. h. sheppardi, possible mechanisms to explain the pattern of high genetic differentiation, 
presence of phylogeographical structure but undetectable phenotypic variation, include 
stabilizing selection or cryptic diversification (Zamudio et al. (2016); Paupério et al. 2012; 
Singhal & Moritz 2013; Barley et al. 2015; Reilly & Wake 2015). Both our phylogenetic 
hypothesis and haplotype network indicate that two individuals sampled in P. Figueiredo have 
a mitogenome more similar to the one found in the Manaus lineage, although they are slightly 
different from the mitogenomes of Manaus (Fig. 6 and Fig 5). When these individuals are 
assigned to the Manaus subpopulation in a nucleotide diversity analysis, intrapopulational p 
of P. Figueiredo decreases (0.00254 to 0.00064, supplementary Table 1), slightly increasing 
Manaus’s nucleotide diversity. Both individuals represent a haplogroup that is more similar to 
the Manaus haplogroup, but not exactly the same, which indicates that this is not an ongoing 
process of migration. On the other hand, due to mitochondrial features such as lower effective 
population size, high evolutionary rates and lack of recombination (Avise et al. 1983; Moritz 
et al. 1987; Piganeau et al. 2004), it would be expected that if contact between Manaus and 
P. Figueiredo happened in a more distant past, the differentiation of these two individual’s 
haplogroup with the haplogroup from Manaus would be even greater. Evidence that contact 
across non-forest habitats such as savannas and WSEs occurred in a more recent past 
(Capurucho et al. 2013; Matos et al. 2016), might indicate that Manaus and P. Figueiredo could 
have been recently in contact. Therefore, there was not enough time for a greater 
differentiation of a previous Manaus haplogroup, that remained in the vicinity of P. Figueiredo 
until present days and is represented by two individuals in this study.  
 
4.3. H. hermathena and WSEs: a myriad of investigation possibilities 
 
Heliconius literature has become extremely competitive since the genus has been 
proven to be a model that can elucidate evolutionary processes in natural populations in a 
fine scale. Many works with the genus have demonstrated the roles of sympatry (Jiggins et al. 
2001) and parapatry (Jiggins et al. 1996; Mallet et al. 1998) in speciation processes, which is 
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an important shift in the way biologists think about speciation. Gene flow and hybridization 
are common phenomena across the evolution of the genus (Beltrán et al. 2002; Mallet et al. 
2007) and introgression has been shown to occur as an important genetic mechanism driving 
the evolution of these butterflies (Pardo-Diaz et al. 2012 Wallbank et al. 2016; Jay et al. 2018; 
Kozak et al. 2018; Edelman et al. 2019; Jay et al. 2019). There is even strong rejection of 
allopatric diversification in a specific ‘suture zone’ in Peru based in coalescent modeling 
(Dasmahapatra et al. 2010) thanks to the study of Heliconius. All of this was achieved through 
the deep genetic investigation of forest Heliconius species, where contact between species is 
expected when environments such as WSEs are isolated. These types of studies are currently 
lacking for species, such as H. hermathena, where allopatry seems to be an important factor 
in maintaining the genetic differentiation among populations. This scenario makes it 
scientifically relevant to assess the genetic mechanisms underlying H. hermathena’s 
diversification in the context of allopatric occurrence.  
The intimate relationship between H. hermathena and WSEs also provides an 
opportunity to explore the roles of ecological speciation. For instance, exploring the genetic 
basis of the dependence of H. hermathena’s on its host plant could help to elucidate the roles 
of insect-plant interactions in the maintenance of isolated and structured populations of 
insects (Oliver 2006; Dover & Settele 2009). In fact, in Heliconius literature, the genetic basis 
of the relationship between the butterflies and their host plant in the Passiflora genus is still 
vastly unexplored (de Castro et al. 2018), and H. hermathena provides an opportunity for 
studies in this area. Furthermore, since edaphic composition seems to be a major factor in 
maintaining high endemism in WSEs (Anderson 1981; Adeney et al. 2016), we could explore if 
it could also be a part of the restriction of H. hermathena to those habitats. For instance, it 
would be necessary to explore loci under selection that can be putatively associated with 
adaptations to WSEs, such as resistance for high luminosity and low humidity, or even for the 
preference of host plant. In this context, those loci could lead to adaptive divergence through 
ecological isolation (Nosil et al. 2008; Nosil et al. 2009a). In general, the reasons for which H. 
hermathena is the only Heliconius species adapted to WSEs are still unexplored and, obviously, 
provide many research opportunities. 
Advancing the study of WSE’s and H. hermathena also means to establish a solid 
comparative framework with forest species of Heliconius, which is relevant since comparing 
species with different biogeographical backgrounds can lead to more sophisticated 
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evolutionary assumptions. This type of comparison has led to a better understanding of the 
evolution of birds in the Amazon. Works involving the population genetics of WSEs specialist 
birds have benefited from the amount of population genetics works with forest bird species 
(Ribas et al. 2012; Sousa-Neves et al. 2013; Fernandes et al. 2014; Thom & Aleixo 2015). For 
example, Capurucho et al. (2013) and Matos et al. (2016) have demonstrated that X. 
atronitens, Polytmus theresiae and Tachyphonus phoenicius have shallow genetic diversity 
and low population structure which is the opposite of what is seen for terra firme birds (Ribas 
et al. 2012; Sousa-Neves et al. 2013; Fernandes et al. 2014; Thom & Aleixo 2015). 
Understanding these differences has certainly allowed for a more robust proposition of the 
biogeographical origins of those populations. For them, it is possible to assess if such 
differences are related to the history of the formation of terra firme and WSEs environments. 
Our work along with another (Van Kuren et al. submitted), perhaps provide the first steps in 
creating a scenario favorable for these comparisons, which can certainly lead to a broader 
understanding of evolution in the Amazon. 
It is often common when studying Heliconius to use updated, sophisticated methods, 
to end up confirming hypotheses that have so elegantly been proposed in the past by authors 
such as Keith Brown Jr. and Woodruff W. Benson. The methods applied in this work and the 
results obtained here are no different, since, ultimately, we show for the first time with 
genetic data, that, in fact, local subpopulations of H. hermathena have diversified in isolation 
due to the patchy distribution of WSEs, as proposed by Brown and Benson (1977). It is 
outstanding that one species, inhabiting one unique environment such as WSEs, can provide 
such a myriad of possibilities for ecological and evolutionary assumptions. This reinforces the 
importance of understanding not only general aspects within Amazonian evolution, but also 
the detailed processes within specific and unique environments of the Amazonian landscape. 
As stated by Keith Brown and Woodruff Benson in ther Heliconius hermathena 1977 article, 
non-forest habitats such as WSEs may provide “the most significant observations of the 
contemporary action of eco-evolutionary forces in the Neotropics” and it is therefore 
mandatory to more thoroughly investigating both H. hermathena and WSEs in general. 
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Appendix 
 
Table 7 Matrix of characters used to obtain the pairwise morphological distance matrix based on wing  
color patterns of individuals from each of the subpopulations.  
Characters Barcelos Curuá Faro 
Aibi 
Faro 
Tigre 
Manaus Maués P. Figueiredo Santarém 
1- yellow 
cubital stripes 
on dorsal 
hindwings 
3 2 0 4 1 1 1 1 
2- two series of 
doubled 
intervenal 
submarginal 
yellow spots, 
the internal 
series with 
spots larger 
than the 
external series 
1 1 1 0 1 1 1 1 
3- first line of 
the doubled 
intervenal 
submarginal 
yellow spots on 
dorsal 
hindwings 
0 0 0 0 1 0 1 0 
4- ventral 
hindwing with 
red cubital 
spots 
0 0 1 1 0 0 0 0 
5- yellow 
streak over the 
forewing 
cubitus 
1 2 1 0 1 1 1 1 
6- tip of the 
yellow streak 
over the 
hindwing 
cubitus 
0 1 0 - 0 0 0 0 
7- postmedian 
red band on 
dorsal forewing 
0 0 1 1 0 0 0 0 
8- proximity of 
postmedian 
red band on 
dorsal forewing 
to the margin 
0 0 1 1 0 0 0 0 
9-yellow 
cubital stripes 
on dorsal 
hindwing 
mixed with 
numerous 
black scales, 
1 0 0 - 0 0 0 0 
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resulting in a 
grayish tone 
10-Tone of the 
transverse red 
postmedian 
band  
0 0 1 1 0 0 0 0 
 
 
Table 8 Characters and character states used to generate the matrix of morphological characters based on H. 
hermathena’s subspecies wing color patterns. 
Characters Character states 0 1 2 3 4 
1- yellow cubital stripes on 
dorsal hindwings, when 
present 
Very narrow Narrow Media Broad Absent 
2- two series of doubled 
intervenal submarginal 
yellow spots, the internal 
series with spots larger than 
the external series 
Absent Present - - - 
3- first line of the doubled 
intervenal submarginal 
yellow spots on dorsal 
hindwings 
Weak 
through the 
end 
Strong 
through the 
end 
- - - 
4- ventral hindwing with red 
cubital spots 
Absent Present - - - 
5- yellow streak over the 
forewing cubitus 
Absent  Present Usually 
Mergin 
- - 
6- tip of the yellow streak 
over the hindwing cubitus 
Thin Rounded - - - 
7- postmedian red band on 
dorsal forewing 
Broad Narrow - - - 
8- proximity of postmedian 
red band on dorsal forewing 
to the margin 
Near Distant - - - 
9-yellow cubital stripes on 
dorsal hindwing mixed with 
numerous black scales, 
resulting in a grayish tone 
Present Absent - - - 
10-Tone of the transverse 
red postmedian band  
Orangish Red - - - 
 
 
Table 9 Pairwise morphological distances between each of the subpopulations obtained using the 
Maximum Observable Rescaled Distance method. 
 Santarém Manaus Faro 
Aibi 
Faro 
Tigre 
P. 
Figueiredo 
Curuá Maués Barcelos 
Santarém 0        
Manaus 0.31622 0       
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Faro_Aibi 0.70710 0.77459 0      
Faro_Tigre 0.93541 1 0.61237 0     
P. Figueiredo 0.31622 0 0.77459 1 0    
Curuá 0.54772 0.63245 0.83666 0.93541 0.63245 0   
Barcelos 0.44721 0.54772 0.77459 0.93541 0.54772 0.63245 0  
Maués 0 0.31622 0.70710 0.93541 0.31622 0.54772 0.44721 0 
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